ABSTRACT Insecticide resistance has become a serious issue in vector management programs. Information on insecticidal resistance and its associated mechanisms is important for successful insecticide resistance management. The selection of a colony of permethrin-resistant Aedes albopictus (Skuse) (Diptera: Culicidae), originating from Penang Island, Malaysia, yielded high larval-speciÞc resistance to permethrin and cross-resistance to deltamethrin. Synergism assays showed that the major mechanism underlying this resistance involves cytochrome P450 monooxygenase. The resistance is autosomal, polygenically inherited and incompletely dominant (D ϭ 0.26). Resistant larvae were reared under different conditions to assess the Þtness costs. Under high larval density, larval development time of the resistant SGI strain was signiÞcantly longer than the susceptible VCRU strain. In both high-and low-density conditions SGI showed a lower rate of emergence and survival compared with the VCRU strain. Resistant larvae were more susceptible to predation by Toxorhynchites splendens (Wiedemann) (Diptera: Culicidae) larvae. The body size of SGI females reared under high-density conditions was larger compared with females of the susceptible strain. SGI females survived longer when starved than did VCRU females. The energy reserve upon eclosion was positively correlated with the size of the adults.
One of the major causes of sickness and death is vector-borne diseases. The most common approach used to control vector-borne diseases is to control the vector by the application of insecticide. However, insecticide resistance has become a major challenge in vector control. Continuous application of insecticide inevitably selects for resistant individuals. As vectors become resistant, the dosage of insecticide used for treatment needs to be increased. In addition to an increase of operational costs and potential environmental damage from increased application rate of insecticides, resistance ultimately forces the development and use of new insecticides with different modes of action. In addition, control failures may occur and cause a disease outbreak.
Acquisition of the ability to tolerate high doses of insecticides can occur from mutations that result in the overexpression of detoxiÞcation enzymes, gainof-function mutations that enable enzymes to detoxify the insecticide, and the decreased sensitivity of target sites to the insecticide (Hemingway et al. 2004) . In Ghana, Anopheles gambiae Giles (Diptera: Culicidae), a vector of malaria, gained resistance toward permethrin via the up-regulation of permethrin-metabolizing cytochrome P450 monooxygenase (Muller et al. 2008) . Regardless of the mechanism involved, it is thought that resistance is always associated with Þt-ness costs. For instance, in Ester supergene and insensitive acetylcholinesterase-mediated organophosphate-resistant Culex pipiens L. (Diptera: Culicidae), a decrease in mating competitiveness was detected in male mosquitoes (Berticat et al. 2002) . In addition, the resistant individuals were more susceptible to predation (Berticat et al. 2004) . Other Þtness costs detected in resistant vectors include higher population mortality, smaller adult size, and increased larval development time (Bourguet et al. 2004 , Hardstone et al. 2010 , Martins et al. 2012 .
As pointed out by Coustau et al. (2000) , the assumption that Þtness costs are associated with resistance is based on three precepts. First, the acquisition of resistance involves the modiÞcation of the original phenotypes in an individual. However, those phenotypes were already shaped during the course of evolution to Þt the environments encountered by a species. Hence, any modiÞcation with major effect could be deleterious in the original environment. Second, resistance genes are rarely Þxed in the natural environment, even with the selection pressure from insecticides. Last, the physiological modiÞcation involved in insecticide resistance is known to alter the normal function of related enzymes or receptors (Coustau et al. 2000) . Because Þtness costs act as a selection pressure against resistance-related muta-tions in the natural population, it is useful to speculate the behavior and evolution of resistant alleles (Gassmann et al. 2009 ).
Aedes albopictus (Skuse) (Diptera: Culicidae), also known as the Asian tiger mosquito, can be found in many countries, including Argentina, the United States, Panama, Greece, Spain, Cameroon, and Equatorial Guinea, and is expected to continue to disperse (Gratz 2004 , Enserink 2008 ). This insect is an important vector of several important diseases, including dengue fever, chikungunya fever and yellow fever (Gratz 2004) . More than 19,000 cases of dengue fever have been reported in Malaysia in 2011, with 36 deaths (MOH 2012) .
Pyrethroids are the major class of insecticide used globally to control many insects. Although they have been used for more than 40 yr, they are still very popular because of their high efÞcacy, fast knockdown, low mammalian toxicity, and relative environmental friendliness (Khambay and Jewess 2010) . Numerous cases of pyrethroid resistance in mosquitoes have been reported worldwide, with the majority of these cases caused by insensitive voltage-sensitive sodium channels or detoxiÞcation by cytochrome P450 monooxygenase (Kasai et al. 1998 , Nikou et al. 2003 , Liu et al. 2006 , Nauen 2007 , Martins et al. 2009 ). However, the choices of insecticides for the replacement of pyrethroids are scarce, because of high development costs and inevitable insecticide resistance (Nauen 2007, Khambay and Jewess 2010) . A more reasonable solution to overcome insecticidal resistance is by wellplanned integrated resistance management and the development of new application methods to prolong the lifespan of existing insecticides. Hence, understanding resistance mechanisms is important before resistant management programs can be developed (Khambay and Jewess 2010) .
In this study, we established a permethrin-resistant colony of Ae. albopictus in the laboratory. The resistance, cross-resistance, resistance mechanisms, mode of inheritance, degree of dominance, and associated Þtness costs of resistance in this strain were characterized to provide useful information for insecticide resistance management.
Materials and Methods
Establishment of a Permethrin-Resistant Ae. albopictus Colony. The progeny of Ae. albopictus, collected from Sungai Dua, Penang Island, Malaysia using ovitraps, were used as the parental population to establish a permethrin-resistant SG2 strain. The parental generation had moderate resistance toward permethrin and deltamethrin (Chan et al. 2011) . This strain was selected by permethrin in the early fourth instar for seven generations, with mortality ranging from 70 to 95%. The susceptible strain used was the VCRU strain, which has been reared in the lab without exposure to insecticides for more than three decades.
Larval Bioassays. Active ingredients (ai) used in the larval bioassay were permethrin, deltamethrin, malathion and temephos (Sigma Aldrich, St. Louis, MO), which are the most common ai used by the Ministry of Health Malaysia to control mosquito populations. For each larval bioassay, 25 late third to early fourth instars were placed in a paper cup containing 250-mldechlorinated water, and 1-ml insecticide (diluted in acetone) was added to produce the desired concentration of active ingredient. Larvae were exposed to the ai for 24 h, and mortality was recorded. At least Þve concentrations of ai were used for each assay, with four replicates for each concentration. For the synergism study, 1 mg/liter of piperonyl butoxide (PBO) or 2.5 mg/liter of triphenyl phosphate (TPP) (Sigma Aldrich, St. Louis, MO) was used.
Probit analysis was conducted for each bioassay using SPSS v10.5 (IBM Corporation, Armonk, NY). Mortality was corrected using AbbottÕs formula (Abbott 1925) . The resistant ratio (RR) was calculated by dividing the lethal concentration (LC) of SG2 by that of the VCRU strain. The synergism ratio (SR) was calculated by dividing the LC without the synergist by the LC with the synergist.
Monooxygenase Titration Assay. The microtiter plate assay was conducted according to the World Health Organization protocol (World Health Organization [WHO] 1998), with some modiÞcations. Living fourth instars were homogenized individually in 200-l distilled water on ice. The homogenate was spun for 5 min at 14,000 ϫ g, 4ЊC. Four ϫ 20 l of supernatant was added to 80-l-0.625 M potassium phosphate buffer, pH 7.2, and placed in a separate well. A total of 200 l of working solution (a mixture of 15-ml 0.25 M sodium acetate, pH 5, and 0.01-g 3,3 1 ,5,5 1 -tetramethylbenzidine dissolved in 5-ml methanol) was added to each well, followed by 25-l 3% hydrogen peroxide. The mixture was left at room temperature for 2 h and read at 630 nm. The blank consisted of 20-l buffer, 200-l-working solution and 25-l 3% hydrogen peroxide. A t-test was used to compare the data obtained from the SG2 and VCRU strains.
Realized Heritability. The realized heritability of permethrin resistance was determined according to Tabashnik (1992) , where realized heritability, h 2 ϭ R/S. The response to selection, R, is calculated by (log Þnal LC 50 Ϫ log initial LC 50 )/number of generations (seven generations). The selection differential, S, equals i p , where p (phenotypic standard deviation) ϭ ((initial slope Ϫ Þnal slope)/2) -1 ; and i (selection intensity) is estimated from p, using Appendix A of Falconer and Mckay (1996) , where p is the mean percentage of survival from selection (13.94). The number of generations required for a 10-fold increase in LC 50 , G, is the reciprocal of R.
Mode of Inheritance and Degree of Dominance. A standard backcross method (Tabashnik 1991) was conducted to determine the mode of inheritance for permethrin resistance in SG2 larvae. Adults of different sexes from both the SG2 and VCRU strains were separated within 12 h upon emergence into different cages. A total of 300 hundred 3Ð5-d-old females and males were released in a cage for the desired reciprocal crosses: RC1: VCRU& ϫ SG2(; RC2: VCRU( ϫ SG2&. Backcrosses were conducted using 300 virgin female progeny of reciprocal crosses (RC1 and RC2) and 300 males of the VCRU strain to produce BC1 and BC2, respectively. The resistant status of the RC and BC progeny toward permethrin was determined. To determine whether the observed mortality of the BC progeny deviated signiÞcantly from the expected mortality, a chi-square test was conducted to determine whether the resistance was monogenically inherited:
where F 1 ϭ observed backcross mortality at concentration x, p (expected backcross mortality at concentration x) ϭ (mortality of RC progeny at concentration x Ϫ mortality of VCRU strain at concentration x)/2, q ϭ 1 Ϫ p, and n ϭ sample size used at concentration x. The degree of dominance was calculated using StoneÕs formula (Stone 1968 
, where x 1 is the log LC 50 of the SG2 strain, x 2 is the log LC 50 of the RC progeny, and x 3 is the log LC 50 of the VCRU strain. The value of D ranges from Ϫ1 to 1, where Ϫ1 indicates completely recessive; 1 indicates completely dominant; and 0 indicates co-dominant.
Fitness Cost Assessment. To reduce the inter-strain differences in Þtness between the permethrin-resistant strain and the susceptible strain, repeated backcrosses followed by selection with permethrin were conducted for four generations, after which the survivors from the last selection were crossed among themselves. The progeny of this generation were designated SGI strain F0 and were selected for another three generations to produce a homozygous resistant strain. Selections yielded 85Ð95% mortality. After repeated selection, the resistance status of the SGI F3 used in this study reached 302-fold, with an LC 50 of 2.33 mg/liter (95% C.L. of 2.08 Ð2.59; slope ϭ 2.72 Ϯ 0.22, 2 ϭ 4.70, df ϭ 3; P ϭ 0.20). The susceptible VCRU strain was used as the reference strain. Possible Þtness costs associated with permethrin resistance were examined under different conditions.
Density-Associated Fitness Costs. Two density conditions were tested: 25 (low density) and 50 (high density) Þrst instars in a paper cup with 250 ml of chlorine-free water. Twenty-four replicates were prepared for the low-density condition and 12 replicates were prepared for the high-density condition. Larvae were fed with approximately the same amount of food (beef liver, yeast, milk powder, and dog biscuit in 1:1:1:2) ad libitum on alternate days. The time taken for all larvae to pupate and emerge was recorded. The rates of pupation, emergence and survival were also recorded. Upon emergence, female adults were moved into separate cups for the assessment of longevity and energy reserves under 70 Ϯ 10% relative humidity and 27 Ϯ 2ЊC. In the longevity assay, 100 adults were provided with 10% sucrose solution supplemented with vitamin B complex in cotton wool daily. In the energy reserve assay, 100 adults were provided only with dechlorinated water daily. Mortality was recorded daily until all mosquitoes died. Both the left and right wings of dead mosquitoes from the energy reserve assay were dissected and mounted on slides. The linear Fig. 1 . Absorbance reading of the monooxygenase titration assay using larvae from SG2 (resistant) and VCRU (susceptible) strains. Error bars represent standard error. distance between the junction of radio-medial cross vein and the medial vein to the peripheral of vein R 4 ϩ 5 were measured using Analysis Image Processing 5.1 (Olympus Soft Imaging Solution, Mü nster, Germany) under an Olympus BX41 (Olympus Optical Co. Ltd., Tokyo, Japan) with 4X magniÞcation. Two repeated measurements were conducted for each wing. Predation-Associated Fitness Costs. One hundred second instars were placed in a plastic container with 250-ml-dechlorinated water. A 24 h-starved third instar Toxorhynchites splendens (Wiedemann) (Diptera: Culicidae) was introduced into each plastic container as the predator. Six replicates with the predator and a control without the predator were used for both resistant and susceptible strains. Larvae were fed ad libitum on alternate days. The time taken to pupate and pupation rate were recorded. Pupae were transferred into a new cup for emergence, and the day of emergence and emergence rate were recorded. Energy reserves were estimated and wing length was measured as described above.
Interspecific Competition-Associated Fitness Costs. Fifty Þrst instar (Ϸ12 h old) Ae. albopictus and 50 Þrst instar Aedes. aegypti were placed in the same plastic container containing 250 ml chlorine-free water. Larvae were fed ad libitum on alternate days. Pupation rate, emergence rate, survival rate, energy reserves, and size of Ae. albopictus were recorded as described above. For both the resistant and susceptible strain, eight treatment replicates and two control replicates (with only 100 Ae. albopictus each) were conducted.
Analysis of Data. A 2 by 2 contingency table followed by sequential Bonferroni correction was used to analyze the pupation rate, emergence rate, and survival rate among groups. Data for the time taken for pupation, time required for emergence, wing length, longevity, and energy reserves were analyzed by a KruskalÐWallis test followed by DunnÕs multiple comparison. Spearmann rank order correlation was conducted to examine the correlation between energy reserves, body size, and development time in both strains of Ae. albopictus.
Results
Resistance and Mechanisms. Selection of Þeld-collected Ae. albopictus for seven generations using permethrin yielded a permethrin resistant strain with 99-fold of resistance (Table 1) . Synergism assays showed that permethrin resistance in the SG2 strain can be effectively suppressed by PBO, with an SR of 34.18 (Table 1) . Furthermore, a monooxygenase titration assay demonstrated that the level of monooxygenases in SG2 is threefold higher than that in the VCRU strain (unpaired t-test: t ϭ Ϫ6.09, df ϭ 20.01, P Ͻ 0.01) (Fig. 1 ). This signiÞcant difference indicates that a major mechanism involved in resistance uses cytochrome P450 monooxygenase. High cross-resistance to deltamethrin, a type II pyrethroid, but not malathion and temephos, was also detected in SG2 ( Table 2 ). The resistance in SG2 has a realized heritability of 0.58. Therefore, it would take another 3.8 generations for the resistance level of SG2 to increase 10-fold if the same selection strength was applied.
Mode of Inheritance and Degree of Dominance. Chi-square analysis in a standard backcross method (Tabashnik 1991) resulted in chi-square values bigger than expected, a 2 value of 20.28 at ␣ ϭ 0.005 (BC1: 2 ϭ 306.69, df ϭ 7; BC2: 2 ϭ 510.55, df ϭ 7). Furthermore, both observed and expected dose-mortality plots for BC1 and BC2 do not overlap (Fig. 2) . Both the chi-square test and the dose-mortality plot suggest that the resistance in SG2 is polygenically inherited (Tabashnik 1991, Li and Liu 2010) . The LC 50 values of both RC1 and RC2 have overlapping conÞdence intervals (Table 3 ), indicating that cytoplasmic inßu-ences were not involved, and the resistance was because of autosomal genetic factors (Hardstone et al. 2007 ). The D values for both RC crosses were 0.26, indicating that the resistance is incompletely dominant under the assessment condition (Bourguet et al. 2000) .
Fitness Costs. In low density conditions, SGI required signiÞcantly longer time to pupate and had lower rates of pupation compared with the VCRU strain (Table 4) . Male SGI took longer to emerge compared with male VCRU when reared under low density conditions. In both density conditions (lowdensity and high-density), the SGI strain showed a signiÞcantly lower rate of emergence and survival compared with the VCRU strain. Under the low-density rearing condition, the size of female SGIs was not signiÞcantly different than that of VCRU females (P Ͼ 0.05). However, under high-density rearing conditions, female SGIs were signiÞcantly larger than female VCRUs. Energy reserves (estimated by days survived without access to sucrose) in SGI females reared under both high-and low-density conditions were higher than that in VCRU females. Both strains showed increased larval development time, smaller body size, and lower energy reserves when reared under high density than low density conditions. There was no signiÞcant difference between the longevity of adult females of both strains after either high-or lowdensity rearing condition (Table 5) .
SGI larvae required a signiÞcantly longer time to pupate compared with VCRU larvae with or without pressure from predation (Table 6 ). When the predator T. splendens was introduced into the rearing medium, we found that SGI larvae were more easily preyed upon than VCRU larvae. The size of adult females was not signiÞcantly different between the strains when the larvae were reared in the presence of T. splendens. Although energy reserves in adult SGIs were higher than in adult VCRUs in the control unit, there was no signiÞcant difference in energy reserves in adults when reared under the pressure of predation.
Inter-speciÞc competition prolonged the larval development time to the same extent in both strains (Table 7) . SGI larvae reared with and without the pressure of inter-speciÞc competition resulted in reduced pupation rate. The emergence times of female and male VCRUs were signiÞcantly shorter than that of SGI adults when larvae were reared together with Ae. aegypti. Survival rate of SGI was signiÞcantly lower compared with that of VCRU strain when reared without or together with Ae. aegypti. The body size and energy reserves in adult SGIs were signiÞcantly higher than in adult VCRUs in control conditions but not when reared under competition. The larvae of both Figures under the same column that are followed by different letters are signiÞcantly different (P Ͻ 0.001). Pairs of Þgures followed by * indicate P Ͻ 0.05. strains showed prolonged developmental time. The female adults of both strains exhibited reduced body size and energy reserves when reared together with Ae. aegypti.
Energy reserves were positively correlated with size in the SGI strain (combination of all wing size data from the SGI strain; r s ϭ 0.49, P Ͻ 0.001) and the VCRU strain (combination of all wing size data from the VCRU strain; r s ϭ 0.51, P Ͻ 0.001). Analysis using a combination of data from both strains also showed a similar result (r s ϭ 0.50, P Ͻ 0.001) (Fig. 3 ). There was a weak positive correlation between the energy reserves in adults with the developmental time from larva to adult (r s ϭ 0.10, P Ͻ 0.01).
Discussion
Although the monooxygenase titration assay in SG2 was only threefold higher than in the VCRU strain because the assay measures only the whole body heme content, the level of monooxygenase overexpression can be underestimated because only one speciÞc isozyme is involved in resistance, not all (Scott 1999) . Although elevated esterase activity was detected in SG2 (H.H.C., unpublished data), low synergism by TPP indicates that the contribution of esterase to permethrin resistance in SG2 is low. The involvement of glutathione S-transferase (GST) and knockdown resistance were not detected in the SG2 strain (H.H.C., unpublished data).
A high realized heritability value of 0.58 suggested that the resistance-causing factors were present in the initial collected colony (Tabashnik 1992) . Although the initial colony had a low RR value of 1.5 (Table 1) , we must note that the RR value is inßuenced by two factors: the strength of the resistance factor and the abundance of the resistant factor in the population sample (ffrench-Constant and Roush 1990). A low initial frequency of the resistant allele alone or together with the low-resistance phenotype exhibited by the resistant factor(s) may contribute to the low initial RR value. Moreover, with the short selection periods (seven generations), it is unlikely that a new mutation occurred and spread throughout the SG2 population.
Laboratory selection tends to produce polygenically inherited resistance, whereas selection in the Þeld favors monogenic resistance. This is because the dose used in the Þeld is designed to kill entire populations of target pests (and is inßuenced by factors such as gene ßow) and selection occurs outside the normal range of the physiological distribution, whereas laboratory selection is designed to allow survival, which favors accumulation of many genes with small effect McKenzie 1987, Reznick and Ghalambor 2005) . However, this generalization is not always true. Deltamethrin-resistant Cydia pomonella L. (Lepidoptera: Tortricidae) and abamectin-resistant Plutella xylostella L. (Lepidoptera: Plutellidae) collected from the Þeld were found to exhibit polygenically inherited resistance (Bouvier et al. 2001 , Pu et al. 2010 . The SG2 strain selected in our work has polygenic resistance, which is in agreement with reports on the selection of Þeld-collected pests in the laboratory (Baker et al. 2007, Li and Liu 2010) . Based on simulations, Groeters and Tabashnik (2000) proposed that major genes will be selected if they already exist in the initial population, even if selected in the lab.
Insecticide resistance is often associated with Þtness costs such as a reduction in body size, a longer developmental time, a mating disadvantage and higher susceptibility to predation (Carriè re et al. 1994; Coustau et al. 2000; Berticat et al. 2002 Berticat et al. , 2004 Gassmann et al. 2009 ). As addressed by Raymond et al. (2011) and Roush and McKenzie (1987) , displayed Þtness can be affected by the genetic background or geographical origins. Therefore, backcross methods were used to reduce the variation in the genetic background. Because the genetic background of SGI was similar to that of VCRU after backcrosses, except for the resistant alleles, Þtness costs are likely because of the presence of the resistant alleles.
The emergence rate and the survival rate of SGI when reared in high-and low-density conditions and when reared together with Ae. aegypti were signiÞ-cantly lower than that of the VCRU strain. This effect Figures under the same column that are followed by different letters are signiÞcantly different (P Ͻ 0.001). Data were analyzed by a KruskalÐWallis test followed by DunnÕs multiple comparison. Figures under the same column that are followed by different letters are signiÞcantly different (P Ͻ 0.001). Pairs of Þgures followed by * indicate P Ͻ 0.05. directly reßects lower survivorship and has a direct negative effect on population size. SGI larvae required a longer developmental time to reach the pupal stage when reared under low-density conditions. A prolonged larval developmental time may increase the risk of desiccation because Ae. albopictus breeds in temporary water bodies, as well as increasing the risks of predation and parasitism. All of these factors will reduce the chance of developing to adulthood and hence reduce the population size and the chance of transmitting diseases.
Larvae of the SGI strain were signiÞcantly more susceptible to predation than larvae of the VCRU strain. Berticat et al. (2004) suggested that the higher susceptibility to predation exhibited by Cx. pipiens with ampliÞed Ester 1 and Ester 4 could be because of their active behavior, which attracts predators, or to unchanged behavior in the presence of predators. Toxorhynchites brevipalpis (Theobald) attack in response to vibration (McIver and Beech 1986) , and T. splendens may also respond in the same manner. Hence, it is possible that SGI larvae are more active or do not move in response to predators compared with VCRU larvae, making them easier to detect (Sih 1986) .
A Þtness advantage was observed exclusively in female adult SGI: increased wing per body size (Tables 4, 5, and 6) . Longer wings may increase ßight ability and subsequently the dispersal of resistant alleles. Wing length correlates with body size, and it is an indicator of fecundity (Armbruster and Hutchinson 2002) . Hence, SGI females may produce more offspring than VCRU females. In addition to fecundity, a larger body size is associated with several Þtness advantages. Larger Ae. aegypti females have a shorter gonotrophic cycle, a higher blood-feeding success rate, and consume two times more blood than smaller females (Nasci 1986 , Briegel 1990 ). In Ae. aegypti, the body size of adults is correlated with lipid and carbohydrate reserves upon eclosion (Briegel 1990 ). Additionally, larger female Ae. albopictus have demonstrated a higher attack rate on human hosts, are less deterred by repellent DEET (Xue et al. 1995) , and have longer lifespans (Xue et al. 2010) . Increased expression of cytochrome P450 monooxygenase was thought to exert high oxidative stress and is especially important in aging. However, the longevity of SGI females was not signiÞcantly different from VCRU females. Cases of enhanced Þtness have been observed in different life stages of cytochrome P450 monooxygenase-mediated DDT-resistant Drosophila melanogaster (McCart et al. 2005) . Perhaps the advantage of the overexpressed enzymes in SGI is such that it over-compensates for the oxidative stress. This phenomenon is interesting and warrants future study.
The energy reserve in SGI adult females was signiÞcantly higher than that in VCRU adult females. Because there is an overexpression of cytochrome P450 monooxygenase, which confers permethrin resistance in SGI larvae, there may be a resource-based trade off (Hardstone et al. 2010 , Rivero et al. 2011 . Although the resource-based trade off would be more signiÞcant in larvae that overexpress detoxiÞcation enzymes (which were not measured in this experiment), adults should also have lower energy reserves because energy reserves are accumulated during larval development. In a pyrethroid-resistant maize weevil, the fat body is modiÞed to store more energy to sustain the need to maintain resistance (Guedes et al. 2006) . This change could also happen in the resistant SGI mosquitoes, in which the larvae store more energy in the fat body so that energy can be readily metabolized to maintain resistance, and the energy stored would be carried over to the adult stage. This effect could explain the higher energy reserves in adults upon eclosion. However, a detailed study should be conducted to verify this.
Existing phenotypes in a species are shaped to (almost) optimal conditions through complex gene coevolution. Because each phenotype is inter-dependent, mutations (such as those which cause insecticidal resistance) with large phenotypic effect will result in a harmful effect (Coustau et al. 2000) . In the case of Figures under the same column that are followed by different letters are signiÞcantly different (P Ͻ 0.001), pairs of different letters followed by * indicate P Ͻ 0.05. polygenic resistance, adaptation is achieved by modiÞcations of many genes with small effect, and the combined effect of each gene confers the resistance. Because the shift in distribution of viable phenotypes from the original to the insecticide-treated environment overlaps, it is less likely to confer Þtness disadvantages. In contrast, monogenic resistance involves modiÞcation of only one or a few genes with large effect which are out of the range of the original phenotype, and costs are expected Batterham 1998, Coustau et al. 2000) . However, contrary to that assumption, Þtness costs were detected in polygenic permethrin-resistant SGI.
The acquisition of alleles that can confer resistance is by evolutionary trial and error. Hence, resistance may occur with or without high costs (Labbe et al. 2007) . Costly resistant alleles are readily replaced or adapted. The most-cited example for this phenomenon is the esterase-mediated organophosphate resistance in Cx. pipiens. Organophosphate resistance in Cx. pipiens was initially found to be caused by Ester 1 . However, this allele was replaced over the years by Ester 4 , which is less costly (Guillemaud et al. 1998 , Raymond et al. 2001 ). Another case is the duplication of Ace-1, in which the resistant copy is insensitive to organophosphate and carbamate insecticides but does not function as well as the "normal" copy, and the "normal" copy can function but is sensitive to insecticide (Raymond et al. 2001 , Labbe et al. 2007 ).
In conclusion, we have established a permethrinresistant Ae. albopictus strain. The resistance is conferred primarily by cytochrome P450 monooxygenase, which is incompletely dominant. Increased larval development time, increased susceptibility to predation, and a decreased pupation rate and survivorship were detected in polygenic permethrin-resistant SGI. These costs may act as counter-selection pressure against resistant alleles in the absence of insecticide. Advantages such as increased longevity and energy reserves were also detected when the resistant strain was reared under high-density conditions. Knowledge of the possible costs can be used in insecticide-resistance management approaches. The most common strategy is to conduct treatment on the resistant strain using an alternative insecticide without cross-resistance for several generations, so that the Þtness costs will act to reduce the frequency of existing resistance alleles. As a consequence, the old insecticide can be reintroduced when the population reverts to susceptible status. Additional studies should be conducted in the Þeld to examine the Þtness costs in relation to reverting permethrin resistance in SGI. We hope that this work serves as a foundation for further studies on insecticide-resistance management.
